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Influence of Elm Foliar Chemistry for the Host Suitability of the Japanese
Beetle, Popillia japonica, and the Gypsy Moth, Lymantria dispar
Abstract
The Asian elm trees that are closely associated with the David complex, Ulmus davidana (Planch), U.
propinqua (Koidz), U. japonica (Rehd.), and U. wilsoniana (Schneid), show substantial levels of disease
resistance and tolerance. Studies have shown that these species suffer moderate levels of injury from the adult
Japanese beetle, Popillia japonica (Newman) (Coleoptera: Scarabaeidae). The research presented here reports
the influence of elm leaf chemistry on the feeding activity of two generalist herbivores, the Japanese beetle and
gypsy moth, Lymantria dispar (L.) (Lepidoptera: Lymantriidae). Elm leaf chemistry was surveyed for 19
species, 5 cultivars, and 2 varieties that are known to vary in susceptibility to Japanese beetle feeding damage.
Extracts were analyzed for significant differences in lipid, phenolic, terpene, and alkaloid diversity; those data
were then compared with previous findings in Japanese beetle laboratory and field studies, and a gypsy moth
no-choice developmental study. Elms that belong to the U. davidiana complex were more suitable for gypsy
moth development compared with other elms tested. These elms typically had greater levels of lipid and
overall blend complexity in the leaf chemical extracts. Elm leaf lipid extractions were evaluated for deterrent
effects on Japanese beetle feeding activity in a greenhouse study and only three (U. propinqua var suberosa,
‘Commendation’ and U. wilsoniana) deterred Japanese beetle feeding. Elm tree susceptibility to gypsy moth
and Japanese beetle injury was correlated with the leaf chemistry surveyed in this study; more specifically elm
leaf lipids influenced Japanese beetle and gypsy moth preference for the Asian elms tested.
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ABSTRACT The Asian elm trees that are closely associated with the David
complex, Ulmus davidana (Planch), U. propinqua (Koidz), U. japonica (Rehd.),
and U. wilsoniana (Schneid), show substantial levels of disease resistance and
tolerance. Studies have shown that these species suffer moderate levels of
injury from the adult Japanese beetle, Popillia japonica (Newman) (Co-
leoptera: Scarabaeidae). The research presented here reports the influence of
elm leaf chemistry on the feeding activity of two generalist herbivores, the
Japanese beetle and gypsy moth, Lymantria dispar (L.) (Lepidoptera: Lyman-
triidae). Elm leaf chemistry was surveyed for 19 species, 5 cultivars, and 2
varieties that are known to vary in susceptibility to Japanese beetle feeding
damage. Extracts were analyzed for significant differences in lipid, phenolic,
terpene, and alkaloid diversity; those data were then compared with previous
findings in Japanese beetle laboratory and field studies, and a gypsy moth
no-choice developmental study. Elms that belong to the U. davidiana complex
were more suitable for gypsy moth development compared with other elms
tested. These elms typically had greater levels of lipid and overall blend com-
plexity in the leaf chemical extracts. Elm leaf lipid extractions were evaluated
for deterrent effects on Japanese beetle feeding activity in a greenhouse study
and only three (U. propinqua var suberosa, ‘Commendation’ and U. wilsoni-
ana) deterred Japanese beetle feeding. Elm tree susceptibility to gypsy moth
and Japanese beetle injury was correlated with the leaf chemistry surveyed in
this study; more specifically elm leaf lipids influenced Japanese beetle and
gypsy moth preference for the Asian elms tested.
KEY WORDS Elm, Japanese beetle, gypsy moth
Several studies have evaluated the effect of phytochemicals (phenolics, alka-
loids and primary metabolites) on the feeding activities of the Japanese beetle
and gypsy moth (Ladd 1986, Barbosa & Krischik 1987, Ladd 1988, Stamp &
Harmon 1991, Fulcher et al. 1996, Keathley et al. 1999, Potter & Held 1999);
however, there are many questions remaining about the direct and indirect
(tritrophic) interactions between leaf chemistry and herbivore feeding behavior.
The influence of other secondary chemicals (e.g., terpenes) on insect herbivores
1Accepted for publication 9 January 2008.
2Morton Arboretum, Lisle, Illinois, 60532 USA
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also requires further study. Some researchers have addressed the release of feed-
ing-induced volatile terpenes and green-leaf compounds (C-6) and looked for ef-
fects on other trophic levels (Loughrin et al. 1998, Havill & Raffa 2000). Field
studies measuring volatiles released from crabapple and maple trees varying in
susceptibility to adult Japanese beetles concluded that individuals were attracted
to a complex blend of terpenes, aliphatics, and aromatics (Spicer et al. 1995,
Loughrin et al. 1996, 1997, Potter & Held 2002), many of which are known to be
produced by a number of plant families (including both preferred and nonpre-
ferred host plants). As the complexity and volume of volatiles emitted by a plant
increase, so does the attractiveness of a plant to Japanese beetles (Loughrin et al.
1998). The specific chemical cues adults use to find food sources and how these
messages are carried and conserved through the environment to signal receptive
adults are still poorly understood. The direct effects of terpenes and other phy-
tochemicals in determining host plant suitability of the gypsy moth and Japanese
beetle are also uncertain.
With the development and introduction of new cultivars, it is becoming in-
creasingly important to evaluate their suitability for generalist insect herbivores
to predict their success in the urban environment. Several studies have evaluated
different elms for injury by Japanese beetle (Miller et al. 1999, Miller 2000),
although few data are available on gypsy moth. These studies reported that Asian
elm species (Ulmus glaucescens (Franch), U. lamellosa (C. Wang et S.L. Chang, ex
L. K. Fu et al.), and U. macrocarpa (Hance) were less preferred by adult beetles.
Ulmus davidiana (Planch), U. japonica (Rehd.), U. wilsoniana (Schneid), and U.
propinqua (Koidz), all elms belonging to the David complex, and the Szechuan
elm, U. szechuanica (Fang), range from moderate to high levels of preference by
the Japanese beetle.
In our current study, we surveyed leaf chemistry of 26 different elms (19
species, 5 cultivars, and 2 varieties) and made comparisons to past studies on
feeding activity of Japanese beetles and more recent laboratory studies on the
gypsy moth host plant suitability. Because there is little information in the lit-
erature on elm leaf chemistry, the first portion of this research reports qualitative
data on leaf chemistry comparisons of several elm trees. Trends in Asian elm leaf
chemistry were studied for relationships to Japanese beetle feeding activity. Re-
cent assessment of gypsy moth growth and development on a selection of elm
species and cultivars was completed, and then it was also analyzed for trends
linking elm leaf chemistry to insect herbivore feeding activity. Because these
analyses showed the strongest relationship between elm leaf lipid diversity and
insect herbivore feeding activity, lipid extractions were performed and then used
in a greenhouse bioassay to identify elms with deterrent surface lipids.
Materials and Methods
Evaluation of elm leaf chemistry and insect host suitability. Chemical
analysis. Leaf material from 26 elms (19 species, 5 cultivars, and 2 varieties) was
collected at the Morton Arboretum, Lisle, Illinois, on 17 June 2004 and sent to the
Pesticide Toxicology Laboratory at Iowa State University for extraction. Leaf
samples were weighed into 7-g quantities (total wet weight) and then placed into
500-mL French square bottles for solvent extraction. Hexane (300 mL) was used
to extract nonpolar low-molecular-weight leaf chemicals for analysis. Ex-
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tractions were conducted in a dark environment and maintained at room tem-
perature (22 ± 1°C) for a 72-h period. Linalool and transcaryophyllene (Sigma-
Aldrich, St. Louis, Missouri) were used as internal standards for mono and
sesquiterpenes. Extracts were then filtered using Whatman no. 1 qualitative
filter paper to remove leaf tissue. Samples were concentrated under a gentle
stream of nitrogen and brought to a final 1-mL volume. Because of large amounts
of waxes in the extracts, a final filtration step was performed with 0.45-micron
MAGNA nylon filters (Osmonics, Inc., Minnetonka, Minnesota) before analysis
with gas chromatography with flame-ionization detection (GC-FID) and GC with
mass spectrometry (GC-MS). All sample extractions and GC preparation occurred
over a 4-d period.
Elm profiles were determined first by analysis with a Hewlett Packard 5,890
Series II gas chromatograph with a 30-m × 0.25mm i.d. DB-5 column (J & W
Scientific, Folsom, California) and flame ionization detection. Samples were in-
jected at 250°C onto an initial column temperature of 75°C. This temperature was
held for 3 min, then ramped at 10°C/min to final temperature of 295°C, holding
for 15 min.
Samples also were analyzed on a Hewlett Packard 5,890 Series II gas chro-
matograph interfaced to a Hewlett Packard 5,972 Mass Selective Detector. The
gas chromatograph was equipped with either a DB-5 or a DB-wax column (30 m
× 0.25 mm i.d., J & W Scientific). The injector temperature was 250°C, and the
split valve was opened 1 min after injection. The oven initial temperature was set
at 50°C for 3 min, and then increased to 250°C at a programmed rate of 15°C/min.
Mass spectra were recorded from 30 to 550 a.m.u. with electronic impact ioniza-
tion at 70 eV. The assignments of chemical identities to the chemical compounds
detected were confirmed by comparison of the retention indices and mass spectra
with those of authentic standards and reference spectra in a mass spectral library
(Wiley 138K, John Wiley and Sons, Inc.). Some standards were available com-
mercially and purchased including: eugenol (Sigma Aldrich, St. Louis, Missouri)
and palmitic acid (Fisher Scientific, Hanover Park, Illinois).
The chemical components from the elm leaf chemistry analysis were classified
into four chemical classes: phenolic, terpenoid, lipid, and alkaloid. The diversity
of compounds in each class was analyzed in relation to the host plant suitability
data from recently conducted gypsy moth developmental studies and Japanese
beetle no-choice feeding trials and field defoliation observations (previously re-
ported by Miller et al. 1999) using a principal component analysis with PROC
PRINCOM (SAS Institute 2003). A correlation matrix was used to equalize the
variances between different units of measurement. Variables that showed high
levels of correlation and/or were large contributors to the first two eigenvectors
were further analyzed for levels of significance in a multivariate analysis (as
dependent variables) with PROC GLM (SAS Institute 2003), followed by univar-
iate analyses containing only single variables. Elm tree parentage served as the
independent variable, which included classifying elms according to whether they
belonged to the David complex, including U. davidiana, U. japonica, U. wilsoni-
ana, U. propinqua, and the cultivars ‘Triumph’ (U. japonica-wilsoniana x U.
japonica-pumilia) and ‘Accolade’ (U. japonica-wilsoniana). Ulmus szechuanica
was also grouped with the David complex in this analysis (Fu 1980).
Gypsy moth developmental study. Gypsy moth laboratory no-choice feeding
studies were conducted in July of 2001 at the Morton Arboretum (Lisle,
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Illinois) by placing one neonate larva into a 60-mL (2.5 × 6.5 cm) plastic tube with
a snap cap lid and fresh leaf material provided every 2 days. Ten replicates of each
elm (12 species and 4 cultivars) were run until adult emergence or until the larva
or pupa died. Three trees for each of the 16 types of elm were used, each with 30
larvae total, to account for within-species/cultivar variability. All trees were grow-
ing on the grounds of the Morton Arboretum under natural conditions. The larvae
were provided with fresh leaf material every 2 d. Vials were checked daily for
larval mortality, pupation, and adult emergence. The vials containing the larvae
were held in an incubator under a photoperiod of 16:8 (L:D)h at 25°C. Elm leaves
for the no-choice laboratory bioassays were randomly collected from ground level
from all four cardinal directions on a test tree and held in cold storage in plastic
bags at 5°C for a maximum of 2 d. Measures of host suitability for gypsy larvae
and adults were defined by larval longevity, percentage pupation, pupal fresh
weight, and percentage of adult emergence. Student–Newman–Keuls multiple
comparison tests were used to compare gypsy moth development between elms.
Natural log transformations were performed on pupal fresh weight and percent-
age of adult emergence for principal component analysis with elm leaf chemistry
data.
Japanese beetle laboratory and field studies. Laboratory no-choice bioassay
and field defoliation studies were conducted on adult Japanese beetles (July-
August) during the 1997, 1999, and 2000 growing seasons at the Morton Arbo-
retum, Lisle, Illinois. The methodology and results have been previously reported
(Miller et al. 1999). The measures of suitability for each elm (12 species and 2
cultivars) in the no-choice studies were mean percentage leaf tissue removed and
mean dried fecal pellet weights. Trees evaluated in the field defoliation study
were rated for evidence of feeding, using a scale of 0–4 as follows: 0, no feeding;
1, very light feeding (1–10% of canopy with damage); 2, light feeding (11–25%); 3,
moderate feeding (26–50%); and 4, heavy feeding (>50%).
Japanese beetle feeding deterrent study. The elm leaf chemistry analy-
sis detected the strongest relationship between insect feeding activity and lipid
diversity. Japanese beetles were selected for further testing in a greenhouse
bioassay to assess the deterrent effect of elm leaf lipids on the feeding behavior of
the Japanese beetle. Adult beetles (mixed sexes) were collected in mid-July from
wild populations in Ames, Iowa with three Japanese beetle traps, each containing
the lure: 2-phenethyl propionate, eugenol, geraniol, and (R,Z)-5-(1-decenyl)-
dihydro-2(3H)-furanone (Trécé, Inc., Adair, Oklahoma). Before testing, beetles
were sustained in the greenhouse on a diet of ‘Tiffany’ and ‘Mirandy’ hybrid tea
roses and peach fruit.
Extracts of elm leaf lipids from 23 different elms (16 species, 5 cultivars, and
2 varieties) were prepared from leaf material collected at the Morton Arboretum.
Multiple trees (three) of each elm were sampled to account for variation within
species, cultivar, or variety. Leaves were weighed into 2.5-g samples for lipid
extraction, which comprised 6–7 large leaves of each. Leaf area was measured
using an LI-3100 Area Meter (LI-COR, Inc., Lincoln, Nebraska). Lipid extractions
were completed with a 10-s leaf dip in 40 mL of hexane. Extracts were then
concentrated to a final 5-mL volume under nitrogen.
Whatman no.1 qualitative filter paper discs (radius 0.95 cm) were soaked in
a saturated sucrose solution and then allowed to air dry before application of the
leaf lipid extract. The saturated sucrose solution was used to increase levels of
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beetle feeding activity. The amount of extract to be applied to the filter papers
(200 L) was calculated by using the average surface area from the leaf material
extracted. The treated paper disc was suspended by a stainless-steel pin in the
middle of the paper cup arena at a height of 3 cm. A moist cotton wick was placed
in each feeding arena to serve as a water source. Beetles were maintained in the
arena with a mesh screen covering the top.
Feeding arenas were placed in a greenhouse maintained at 27°C, and beetles
were allowed to feed for a maximum of 5 d. Each arena was checked daily for
evidence of beetle feeding and mortality. Frequency of beetle feeding activity was
also recorded. Replicates containing beetles that did not survive the initial 48 h,
of testing were not included in the final analysis. In most cases, feeding was
observed within 24 h, and there was low beetle survival at the end of the 5-d test
period. Lipid-treated discs were placed into envelopes, and the area consumed
was measured by calculating the difference between complete circle and the part
of the disc consumed. Adobe Photoshop CS2 (Version 9.0) and an HP Scan Jet
4,670 digital flatbed scanner with a linear sensor (Hewlett Packard Company,
Palo Alto, California) were used to quantify surface area of the lipid extract-
treated filter paper discs.
Data on surface-area consumption were analyzed with PROC MIX (SAS In-
stitute 2003). A nested hierarchy was used to account for the variance component
from within elm tree species. Pairwise comparisons using least squares means are
reported along with the adult beetle feeding frequency noted by presence or ab-
sence of beetle feeding activity in individual arenas.
Results
Evaluation of elm leaf chemistry and insect host suitability. Chemical
analysis. Results from the survey of leaf chemistry yielded more than 100 dif-
ferent compounds. Major components are presented for specific elm comparisons
that are relevant in the gypsy moth developmental study (Table 1). More compo-
nents from the elm leaf volatile extracts are presented for specific species, culti-
vars, and varieties, based on relevance to the Japanese beetle lipid-disc deterrent
study (Table 2). The major components recovered included chemicals that are in
the terpene, phenolic, lipid, and alkaloid groups.
Gypsy moth developmental study. Assessment of gypsy moth growth and de-
velopment on selected elms is reported in Table 3. Gypsy moth survival on the
elms included in this survey was low and shows that 13 of these are not suitable
host plants. Significant levels of survival were observed on the Gaussen elm (U.
gaussenii), ‘Danada Charm’ (U. japonica × wilsoniana), ‘Commendation’ (Acco-
lade × U. pumila − minor), and a direct comparison of the elm leaf chemistry
extracts of these elms is provided (Table 2).
A principal component analysis on gypsy moth larval longevity, pupal mass,
and percentage adult emergence from 16 of the elms yielded two eigenvectors that
accounted for 87% of the variability in the data. When the data were analyzed
with a multivariate analysis with elm parentage, by assigning elms belonging to
the David complex as the independent variable, there was a significant effect
attributable to parentage (F  3.48; df  3, 12; P  0.050).
Elm trees belonging to the David complex generally had a larger diversity of
leaf terpenes, phenolics, alkaloids, and lipids. More specifically, the diversity
213PALUCH et al.: Insect herbivores and elm leaf chemistry
Table 1. Comparison of nonpolar compound mass spectra extracted dur-
ing elm leaf soaks of suitable hosts for complete development of
the gypsy moth in laboratory no-choice bioassays: Gaussen elm
(Ulmus gaussenii), ‘Danada Charm’ (U. japonica x wilsoniana),
‘Commendation’ (Accolade × U. pumila − minor).
Mass
spectral Percentage of fixed total
Chemical
Match
quality, %
U.
gaussenii
‘Danada
charm’a ‘Commendation’a
Pentacosane 93 — — 0.6
Docosane 99 — — 2.6
Octadecane 95 — 3.9 —
Eicosane 96 3.6 0.7 0.6
n-hexadecanoic acid 90 — 11.6 15.9
(z,z)-9,12-octadecadienoic
acid 95 — 57.3 —
(z,z,z)-9,12,15-
octadecatrianoic acid,
me ester 95 21.0 — 1.5
2-me-,2,2-dimethyl-1-
(2-hydroxy-1-
methylethyl)propyl
esterpropanoic acid 59 3.4 — —
2-me-,2-ethyl-3-
hydroxyhexyl ester
propanoic acid 78 6.1 — —
11,14,17-eicosatrienoic
acid, me ester 86 — 1.1 —
2-me-,2-ethyl-1-propyl-1,3-
propanediyl ester
propanoic acid 43 — — 0.6
butanoic acid, butyl ester 83 — — 0.8
butanoic acid, butyl ester 78 — 0.1 —
1,2-epoxyundecane 50 — 1.2 —
1,3,5-tri(methylene)-
cycloheptane 38 — — 0.9
9,12,15-octadecatrienal 91 — — 50.7
pentadecanal 91 — — 0.9
(z)-9-octadecenamide 86 9.4 — 1.6
(e)-3-tetradecen-5-yne 78 — — 3.8
2-me-3-buten-2-ol 32 — 0.9 —
2me-6-methylene-7-octen-2-ol 38 — 1.3 —
1,3-dimethyl-,(z)-cyclohexanol 43 — 1.5 —
Hexylpentyl ether 47 — 1.0 —
Germacrene d 95 — 0.8 —
(z)-linalool oxide 90 — 0.8 0.8
3,7-dimethyl-1,5,7-octatrien-
3-ol 47 — 0.8 0.8
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Table 1. Continued.
Mass
spectral Percentage of fixed total
Chemical
Match
quality, %
U.
gaussenii
‘Danada
charm’a ‘Commendation’a
5-ethenyltetrahydro-
,,5-trimethyl-,(z)-2-
furanmethanol 91 4.1 1.2 0.9
3,5,5-trimethyl-4-(3-
oxobutyl)-2-cyclohexen-
1-one 97 — 0.7 —
2,6-dimethyl-3,7-octadien-
2,6-diol 78 5.0 2.4 0.9
 -farnesene 95 3.8 0.9 0.7
4-(2,6,6-trimethyl-1-
cyclohexen-1-yl)-2-buten-
2-one 84 — — 0.6
2H-pyran-3-ol,6-
ethenyltetrahydro-2,2,6-
trimethyl 86 — — 0.8
3-buten-2-ol,2-me 43 — — 0.6
1,7-octadiene-3,6-diol,2,6-
dimethyl- 87 — — 0.8
[(2-phenylethenyl)sulfonyl]-
benzene 43 — — 0.6
4-me-2,7-octadiene 49 — — 0.8
2-oxacyclo[2.2.2]octan-6-
ol,1,3,3-trimethyl-,acetate 32 — — 0.9
5-methyl-2-(1-methylethyl)-,
(1 , 2,5)
cyclohexanol 58 — — 0.4
9-hydroxyfarnesol 56 — — 0.8
Caryophyllene oxide 43 — — 0.7
Methyl salicylate 95 4.0 — —
-me-, ,-[4-me-3-
pentynal]
oxiranemethanol 86 2.1 — —
phenylethyl alcohol 93 5.6 3.5 2.1
3-allyl-6-methoxyphenol 97 5.8 — —
eugenol 94 — 1.1 1.8
3-isopropoxy-5-me-phenol 72 — — 0.4
2-amino-4-methylpyrimidine 50 1.8 1.6 1.3
Leaf samples were collected at the Morton Arboretum, Lisle, Illinois, on 17 June 2004.
aElms belonging to, or closely associated with the David complex.
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Table 2. Comparison of nonpolar compound mass spectra extracted dur-
ing elm leaf soaks of nonpreferred food sources by the Japanese
beetle in the lipid extract-treated disc greenhouse study: Ulmus
wilsoniana, ‘Commendation’; (Accolade × U. pumila − minor),
and U. propinqua var suberosa.
Mass
spectral Percentage of fxed total
Chemical
Match
quality
U.
wilsonianaa ‘Commendation’a
U. propinqua
var suberosaa
Octadecane 95 3.8 — —
Eicosane 96 — 0.6 1.8
Heneicosane 95 — — 13.9
Docosane 99 — 2.6 —
Pentacosane 93 5.3 0.6 —
Heptacosane 98 8.9 — —
Hexatriacontane 89 — — 1.3
n-hexadecanoic acid 90 0.9 15.9 8.1
(z,z) 9,12-
octadecadienoic acid 90 24.5 — —
2-me-,2-ethyl-3-
hydroxyhexyl ester
propanoic acid 74 — — 2.7
2-me-,2,2-dimethyl-1-(2-
hydroxy-1-methylethyl)
propyl esterpropanoic
acid 59 — — 1.5
butyl ester butanoic
acid 83 — 0.8 —
11,14,17-eicosatrienoic
acid, me ester 87 — — 1.4
2-me-2-ethyl-1-propyl-1,3-
propanediyl
esterpropanoic acid 43 — 0.6 —
9-octyl-heptadecane 95 19.0 — —
3-ethyl-2,5-dimethyl-1,3-
hexadiene 53 — — 3.6
1,3,5-tri(methylene)-
cycloheptane 38 — 0.9 —
9,12,15-octadecatrienal 91 — 50.7 26.3
4-me-2,7-octadiene 49 — 0.8 —
(e)3-tetradecen-5-yne- 78 — 3.8 —
Pentadecanal 91 — 0.9 —
3-ethyl-2,5-dimethyl-1,3-
hexadiene 53 3.9 — —
(z) 9-octadecenamide 68 10.4 1.6 3.2
2-me-3-buten-2-ol 43 — 0.6 —
2,6-dimethyl-1,7-octadiene-
3,6-diol 87 — 0.8 —
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(total number) of lipids showed a significant effect relating to David complex
parentage (F  7.18; df  1, 15; P  0.018). An examination of the first and
second eigenvectors from the data on leaf chemistry and gypsy moth larval de-
velopment suggests that elms belonging to the David complex are better suited for
gypsy moth larval development than other elms included in this survey. This
Table 2. Continued.
Mass
spectral Percentage of fxed total
Chemical
Match
quality
U.
wilsonianaa ‘Commendation’a
U. propinqua
var suberosaa
[(2-phenylethenyl)
sulfonyl]-benzene 43 — 0.6 —
9-hydroxyfarnesol 56 — 0.8 —
5-methyl-2-(1-
methylethyl)-(1,2,5)
cyclohexanol 58 — 0.4 —
4-(2,6,6-trimethyl-1-
cyclohexen-1-yl)-2-
buten-2-one 84 — 0.6 —
3,7-dimethyl-1,5,7-
octatrien-3-ol 47 — 0.8 —
(z)-linalool oxide 90 — 0.8 —
 -caryophyllene 97 — — 2.4
Caryophyllene oxide 43 — 0.7 —
Alpha-farnesene 95 — 0.7 —
2,6-dimethyl-3,7-octadien-
2,6-diol 90 — 0.9 —
5-ethenyltetrahydro-,,5-
trimethyl-,cis-2-
furanmethanol 74 — 0.9 1.8
Benzeneacetaldehyde 94 — — 2.3
,-me-,,-[4-me-3-pentynal]
oriranemethanol 90 — — 1.6
benzyl alcohol 96 — — 3.0
2-methoxy-3-(2-propenyl)-
phenol 98 — — 2.2
4’-methylpropiophenone 70 — — 1.7
(z,z)9,12-octadecadienoyl
chloride 76 — 0.5 —
Eugenol 94 5.3 1.8 —
Phenylethyl alcohol 93 7.2 2.1 4.1
3-isopropoxy-5-me-phenol 72 — 0.4 —
6-ethenyltetrahydro-2,2,6-
trimethyl-2h-pyran-3-ol 86 — 0.8 —
Leaf samples were collected at the Morton Arboretum, Lisle, Illinois on 17 June 2004.
aElms belonging to, or closely associated with the David complex.
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relationship was supported in a correlation between leaf chemical diversity and
gypsy moth adult emergence (r 0.530; df 1, 15; P 0.003; Fig. 1) and a weak
(nonsignificant) correlation detected between adult emergence and a diverse fo-
liar lipid content (r  0.429; df  1, 15; P  0.097).
Japanese beetle no-choice and field defoliation study. Principal component
analysis with results from Japanese beetle no-choice (percentage leaf tissue con-
sumed and dry fecal pellet weight) and field defoliation studies (Table 4) on 14
different elms yielded two eigenvectors that accounted for 94% of the variability.
Elm parentage had a significant effect on percentage leaf consumed
(F 7.59; df 1, 12; P 0.017) and fecal pellet masses (F 27.73; df 1, 12;
P  0.001) in the no-choice bioassay. Field defoliation rating was not significant
when tested individually, but a multivariate test with all three Japanese beetle
host-plant-suitability measurements was significant (F  7.75; df  3, 10; P 
0.005). Japanese beetle adults showed higher levels of feeding activity on the elm
trees that belonged to the David complex; however, there was no significant
correlation linking elm leaf chemical diversity (terpenes, phenolics, alkaloids, and
Table 3. Suitability of Asian elms for gypsy moth larval development,
conducted in Lisle, Illinois, May-July 2001.
Elm
Larval
longevityb,c
(days)
Percentage
pupationb,c
Pupal
fresh Wtb,c
(g)
Percentage
adult emergenceb,c
U. castenifolia 6a 0a — 0a
U. macroarpa 4a 0a — 0a
U. chenmoui 4a 0a — 0a
U. lamellosa 4a 3a 0.3a 3a
U. glaucesens 4a 0 — 0a
U. gausenii 4a 17ab 0.2a 13ab
U. parvifolia 5a 0a — 0a
U. davidianaa 5a 0a — 0a
U. szechuanicaa 10ab 3a 0.5ab 3a
U. japonicaa 4a 0a — 0a
U. wilsonianaa 5a 0a — 0a
U. propinquaa 6a 0a — 0a
‘Commendation’a 8ab 60bc 0.6b 60bc
‘Accolade’a 6a 3a 0.5ab 3a
‘Triumph’a 7a 3a 0.4a 3a
‘Danada Charm’a 10ab 53b 0.7b 53b
Reference
Malus spp. 16b 93c 0.6b 93c
Quercus palustris 10ab 70bc 0.8b 70bc
aElms belonging to, or closely associated with the David complex.
bAverages from 10 replicates per elm, 3 trees per species/cultivar (30 larvae total).
cValues within columns followed by the same letter are not significantly different. (*, P < 0.05; Student-
Newman-Keuls multiple comparison test).
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lipids). This could be attributable to the lower number of observations, which
resulted in a limited number of degrees of freedom in the analysis.
Japanese beetle feeding deterrent study. Elm leaf lipid extracts were
selected for further study as they were the chemical class found most significantly
linked with insect herbivore host plant suitability. Adult beetles were observed
consuming significant amounts of the sugar-only treated filter papers (positive
control) within 24 h. There was no consumption of the untreated filter paper discs
(negative control); however, there was evidence of tasting and regurgitating. Con-
siderable variation was found in surface area consumption of the paper discs
treated with different elm surface lipids (Table 5). Deterrent effects were ob-
served in three of the treatments tested. There was only one elm that showed
significantly lower rates of consumption than the positive control, U. propinqua
var suberosa. Discs treated with lipid extracts from ‘Commendation’ and U. wil-
soniana also received low averages of disc consumption and minimal feeding
frequency, but were only significantly different from the control at   0.10.
Because none of the leaf discs showed significant levels of disc consumption
higher than the positive control, no conclusions could be made related to the
presence/absence of feeding stimulants.
Discussion
The present study surveyed leaf chemistry of selected Asian elm species, cul-
tivars, and varieties. Results were then analyzed with data obtained in previous
studies on Japanese beetle no-choice assays and a field defoliation survey and
Fig. 1. Correlation between elm leaf chemical diversity (classified into four
chemical classes: phenolics, terpenoids, lipids, and alkaloids) found in the
David complex and gypsy moth, Lymantria dispar, adult emergence.
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additionally, the reported suitability of elms for gypsy moth. Not only are these
two generalist herbivores important pests in the urban forestry environment, but
they also provide an interesting means for comparison of factors that potentially
govern host plant suitability. Some of the strategies for reducing the detrimental
effects of allelochemicals favor dietary mixing or the use of multiple food sources
that could potentially benefit the herbivore by the dilution of toxic secondary
plant compounds, by induction of detoxification enzyme systems, or through in-
creased nutrient balance. Trends found in the principal component and multi-
variate analyses with both Japanese beetle feeding activity and gypsy moth suit-
ability showed that elms with more diverse leaf chemistry (terpenes, phenolics,
lipids, and blend complexity) were preferred. The strongest connection to any one
chemical group was the adult emergence of gypsy moth, which showed a positive
correlation to elm leaf lipid diversity. There was no significant correlation found
between elm leaf lipid diversity and Japanese beetle preference, as measured in
no-choice studies (percentage leaf tissue removed and dried fecal pellet mass). In
a separate greenhouse study designed to measure deterrent effects of elm leaf
lipids on Japanese beetle feeding activity, extracts from only 3 of the 23 elms
surveyed were found to deter feeding. This result could be related to lipid diver-
sity, but might also depend on the presence or absence of a specific chemical.
Of these three elms, U. wilsoniana was the only one that was included in the
principal component analysis described above and also was the only species that
Table 4. Summary of Japanese beetle no-choice feeding studies and the
field defoliation survey conducted at the Morton Arboretum,
Lisle, Illinois, 1997 (data from Miller et al. 1999).
1997 no-choice feeding study 1997 field study
Elm
Leaf tissue
consumedb
Dried fecal pellet
massb (mg)
Defoliation
ratingb
U. pumila 50%b 22.5a 4.0b
U. macrocarpa 14%a 13.7a 0.5ab
U. chenmoui 61%b 27.9a 2.0ab
U. glaucescens 25%a 23.1a 1.0a
U. gausenii 41%b 50.6b 1.0a
U. parvifolia 10%a 7.2a 0.0a
U. lamellosa 14%a 18.7a 0.0a
U. japonicaa 69%c 94.0c 1.8ab
U. szechuanicaa 50%b 57.7b 1.0ab
U. davidianaa 60%b 70.0c 2.4ab
U. propinqaa 49%b 72.3c 2.2ab
U. wilsonianaa 50%b 51.25b 0.20a
‘Accolade’a 53%b 84.3c 2.0ab
‘Triumph’a 43%b 45.5b 3.0b
aElms belonging to, or closely associated with the David complex.
bValues within columns followed by the same letter are not significantly different. (*P < 0.05; Student-
Newman-Keuls multiple comparison test).
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had a lower lipid diversity compared with other elms in the David complex. Table
2 provides a qualitative report on the composition of elm leaf soaks from U.
propinqua var suberosa, ‘Commendation’ and U. wilsoniana. Future work should
include a more quantitative study of these elms; more detailed feeding behavior
assays that limit specific components of the lipid extracts are needed also to sort
out the differences observed. None of the lipid-treated discs prompted an increase
in beetle-feeding activity relative to the positive control, limiting any conclusions
about the lipid extracts containing feeding stimulants. A different study design,
Table 5. Japanese beetle feeding frequency (noted by presence and ab-
sence of beetle feeding activity in individual arenas) and sur-
face area consumption of elm leaf lipid extract-treated disc in
the greenhouse feeding deterrent bioassay conducted at Iowa
State University, Ames, Iowa, 2005.
Elm
Feeding
frequencyb
Disc
consumptionb
(cm2)
Standard deviationb
(disc consumption)
U. parvifolia 0.63 0.12 0.11
U. lamellosa 0.44 0.06 0.09
U. davidiana 0.67 0.12 0.12
U. crassifolia 0.75 0.19 0.29
U. gausenii 0.44 0.07 0.10
U. americana 0.80 0.13 0.12
U. thomassii 0.83 0.13 0.13
U. bergamanniana 0.67 0.09 0.07
U. pumilia 0.67 0.10 0.09
U. castenifolia 0.56 0.10 0.10
U. chenmoui 0.63 0.13 0.13
U. macrocarpa 0.44 0.08 0.11
U. japonicaa 0.78 0.16 0.11
U. szechuanicaa 0.89 0.14 0.09
U. propinquaa 0.50 0.06 0.09
U. wilsonianaa 0.67 0.01* 0.14
U. propinqua var suberosaa 0.00 0** 0.00
U. glaucesens var lasiophylla 0.67 0.12 0.13
‘Vanguard’ 0.83 0.15 0.10
‘Triumph’a 0.67 0.11 0.09
‘Commendation’a 0.44 0.04* 0.06
‘Accolade’a 0.89 0.17 0.07
‘Danada Charm’a 0.44 0.07 0.01
Positive Control 1.00 0.16 0.08
Negative Control 0.00 0** 0
aElms belonging to, or closely associated with the David complex.
bAverages from individual leaf lipid extracts were pooled (nine replications per elm).
cTreatments that significantly differ from the positive control (sugar treated) by least-squares means
analysis (*  0.10; **  0.05).
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with lower levels of sugars, would be valuable to test for stimulant effects of
leaf-surface lipids. Recent advances in genomics continue to increase our under-
standing of the functionality of genes involved in plant lipid biosynthesis (en-
zymes like thioesterases, fatty acid synthases, etc.), and further research on iden-
tification and expression of these metabolic pathways in Ulmaceae would be
beneficial (Mekhedov et al. 2000).
These results might share some relationship with previous studies in which
other researchers speculated that the high density of trichomes present on the
foliage of U. glaucescens, U. lamellosa, and U. macrocarpa could explain the low
levels of feeding seen in no-choice and multiple-choice laboratory studies (Miller
et al. 1999). It is possible that additional physical factors, including leaf surface
color, size, or texture, possibly presence or absence of specific foliar trichomes and
their densities may have an impact on insect herbivores like the Japanese beetle
and gypsy moth. It is also important to consider relevant sources of variation for
the chemical parameters analyzed in this study. Other research has shown that
leaf chemical composition can fluctuate throughout the season (Fischbach et al.
2002). Future studies could also incorporate sampling from a larger number of
trees to allow for any differences amongst individuals.
Part of the study design allowed for comparisons of selected leaf chemicals
with elm parentage. Trends seen in the principal component and multivariate
analysis with both Japanese beetle feeding activity and gypsy moth developmen-
tal suitability showed that elms belonging to the U. davidiana complex (U. da-
vidiana, U. japonica, U. wilsoniana, ‘Triumph’, ‘Accolade’, and U. propinqua) and
the closely related species U. szechuanica, is related to the diversity of leaf chemi-
cal composition (terpenes, phenolic, lipids, and overall blend complexity).
To date much of the research on elms shows that those closely associated with
the David complex have good levels of resistance and tolerance to Dutch elm
disease, as well as elm yellows resistance and tolerance to the urban environ-
ment. These trees are more tolerant of poor soil types, are less susceptible to elm
leafminer injury (Miller 2000), and have excellent foliage and growth habits.
Unfortunately, some of these trees may not be as useful in areas with high Japa-
nese beetle and gypsy moth populations based on suitability and preferences
testing (Miller et al. 1999 and Miller unpublished). This research provides evi-
dence that gypsy moth host suitability and Japanese beetle preference rely on the
complexity of leaf chemical composition. It also suggests that generalist insect
herbivores might selectively use host plants containing a larger diversity of com-
pounds.
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